
Best Available Copy
SECURITY CLASSIFICATICN OF TI PAGE (•,hon D.tA L.for.d)

REPORT DOCUMENTATION PAGE BEFORE CO,,PLET1." FORN.

1. REPORT NUMBIER j2. ;OVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMaER4

4. TITLE (-,.d •ubtitle). 5. TYPE OF REPORT & PERIOD COVERED

Pulsed Photothermal Radiometry for Remote
Sensing of Spectroscopic and Physical Technical Report
Properties ofr Thin 2.ilm 6. PERFORMING ORG. REPORT NUMB,

f 7. AUTHNOR(,) 3. CONTRACT OR GRANT NUMBER(.)

A. C. Tam N00014-83-C-0170
7 7P77RFOR•4ING CPR-,;I7AT134 NAM. ARD A R•,ESS 10. PROGRAM ELEMr•4T. PROJEZT, TASK

Internitional Business Machines, Corp. AREA&WORKUNITNUMBERS

5600 Cottle Road
'San Jose, CA 95193 NR 633-844

I1, CONTROLLING OFFICE NAME.E AND ADORESS 12. REPORT DATE

Office of Naval Researchl' 4 -- 12-18--84
800 N. Quincy Street 1. NUMBER OF PAGES

r n\rzin tou, VA 22217 6
14. M.4NI7T0RING AG4cN4( NAAMz & ADORESS(If d.ll/.r.nt Ifom Co,.ttojli.- OflIc.) 1S. S"CURITY CLASS. (of thl. r.port)

IS., OC:..AS SIFIC.ATIONDO WN G RADIN G
SCHEDULE

15. CISTRI, UTiON STATE4MS, NT (of thi. Report)

This document has been approved for public release and sale;
its distribution is unlimited.

I7. DISTRIBUTION STATEMENT (of Ilh. abal..Of entered In Block 20. It different from, Report) -. z L- -S ---

JAN 8 185,J,8 I

18. SUPPLEMEtTARy NOTES

To be published in the proceedings of the 1984 Chemical and
Biological Warfare Defence Research Conferance, Aberdeen
Proving Ground, MD.

19 IS. KEY WORDS (Co"tin.e on t t o. *id. It neo*..y end Iden'lly by block number)

Photo-thermal, remote-sensing, spectroscopy, thickness, thermal
diffusivity, thin fi-440s, material testing, Nondestructive
evaluation.

ABSTRACT (Continue on revetrs ilde It ncle*e.ry •nd Identity by blocir nunýb.)

#Photothermal Radiometry (PTR) is a sensitive technique for non-
contact spectroscopy and inspection; a modulated beam of photons
(or other particles) is used to produce temperature transients,
and the corresponding transients in the infrar'ed thermal ra-
diation emitted form the sample are analyzed. This paper des-
cribes the recent experimental and theoretical developments of
pulsed PTR (PPTR) with back-scattering detection. PPTR is useful (c

FORM

D ,D 73 1473 eo,ITlo or I Nov65 ,s Oi SOLETE

s/N 0102. LF- 014.601 SECURITY CLASSIFICATION OF THIS PAGE (Woen 0.1. fnl-trod)

84 1 2 28 149 -



7for many types of noncontact measurements, includidg absolute absorption
spectroscopy, excitation spectroscopy, and the monitoring of thickness,
layered structure, thermal contacts, and accociated properties. Further-
more, these measurements can be made on "difficult" samples like opaque
materials, powders, aerosols, gels, skin in-vivo, and so on.

C

U

C



REPRODUCTION QUALITY NOTICE

This document is the best quality available. The copy furnished
to DTIC contained pages that may have the following quality
problems:

*Pages smaller or larger than normal.

*Pages with background color or light colored printing.

*Pages with small type or poor printing; and or

*Pages with continuous tone material or color
photographs.

Due to various output media available these conditions may or
ma y not cause poor legibility in the microfiche or hardcopy output
you receive.

F7 If this block .is checked, the copy furnished to OTIC
contained pages with color printing, that when reproduced in
Black and White, may change detail of the original copy.



B.LANK PAGE



OFFICE OF NAVAL RESEARCH
Contract NC0C14-83-C-0170

Task No. 633-844

TECHNICAL REPORT No. 14

Pulsed Phototherrmal Radiometry for Remote Sensing of

Spectroscopic and Physical Properties of Thin Film

by

A. C. Tam

IBM Research Laboratory
San Jose, California

Reproduction in whole cr part is permitted for
any purpose of the United States Government

This document has been approved for public
release and sale, its distribution is unlimited

Aocession For

jT3GRA&I
*~TAB

.. t ;r i but I on/

;,,.ailabil.itY CodasS.. . a i. I nd/or

ge-v



1l./'413/83/01

TECIINT(AL REPORT D1S'TR 111'rlO.N LIST. GEN

No. No.

Office of Naval Research 2 N;'nl Occan Systems Canter
Attn: Code 413 AI-tn. Technical Library
800 N. Quincy Street San oiero, California 92152
Arlington, VA 22217

Dr. Harold E. Guard 1 Naval Weapons Center
Dept. of th- Navy Attn: Dr. A. B. Amster
Office of Naval Fesearch Chemistry Division
Arlington. VA 22217 China Lake, California 93555

Commander, Naval Air Systems I Sciraitffic L.dvisior
Command Couiimmnd3n1t of L1i0 Marine Corps

Attn: Code 310C Code RM-]
(H. Rosenwasser) WadShiitoi., DC 30250

Washington, DC 20360

Naval Civil Engineering I D,:ai' William Tolics
Laboratory Naval "osLgraduitc School

Attn: Dr. R. W. Drisko Monterey. CA 93940
Port Hueneme, CA 93401

Superintendent 1 U. S. Army Research Office 1
Chemistry Division, Code 6100 Attn: CRD-AA-IP
Naval Research Laboratory P. 0. Box 12211
Washington, DC 2C375 Research Triangle Park, NC 27709C

Defense Technical 12 Mr Vincent Schaper
Information Center DTNSRDC Code 2830 .

Building 5., Cameron Station Aizniapolis, Maryland 21402
Alexandria, Virginia 22314

DTNSRDC I Mr. John Boyle 1
Attn: Dr. G. Bosmajian ,at.'rjals Branch
Applied Chemistry Division °a' a] Ship Ehgincering Center
Annapolis, Maryland 21401 Pliladelphia, Pennsylvania 19112

Naval Ocean Systems Center 1 Ir. A. M. Anzalone
Attn: Dr. S. Yamamoto Administrative Librarian
"Ilarine Sciences Division PLASTEC/ARRADCOM
San Diego, California 91232 Ildg. 3401

9over. New Jersey 07-Z1

,III III I I I04-



PAGE 2

DL/413?/83/01

633/413-2

TE~CN, CAL RpCTRT D ;STRI'UTTO\ LIST, 633

Dr. Henry craiser Dr. Lynn Jarvis
Chemistry Depr.rtment Code 6176
Uni" ersity of Arizona Naval Research Laboratory
Tucson, AZ 85721 Wanhlin-Loli, DC 20375

Dr. Gregory D. Botsaris Dr. Richard Hollins
Department of Chemical Enginecring Code 3S5
Tufts University Naval W-,pons Center
Medford, MASS 02155 China ],,ke, CA 93555

Dr. J. ]{. l{argis I Dr. Christic G. Enke
Departcent of Chemistry Department of Chemistry
Auburn University Michii igan State University
Auburn, ALA 35649 East Lainsing, MICH 48824

Dr. Ronald S. Sheinson Dr. Timothy L. Rose
Code 6180 EIC Laboratories, Inc.
Naval Research Laboratory 111 Chapel Street
Washington, DC 20375 Ncwton, Massachusetts 02158

Dr. Edward J. Pczicmek
Chief, Research Division
Chemical Research and

Development Center
ATTN: DRDAR-CLB LO
Aberdeen Proving Ground, MD 21010



14. 4517 (48522.) 11/23/"4
Physica

PTJLSMED PHOTOTHERIMVAL RADIOWE-lTRY F~OR RE-MOTE SENSING

OFSE CT1ROSCOPIC k.ND PHYSICAL F20PE.r1TZ-S OF THIN FILM

A. C. Tamn

IBM Research Laboratory
San lose, California 95193

LIMITED DISTRIBUTION NOTICE

7`104MO h99"*n m"11 (r NIM Uli o.l.3tfl of 19 -,- wE:.U Prot*W be CaUWlftl4 If o"Wiled for OgW.(atiofl. 11 heb 00 6uda

puý1"0 Dua 0Wllbo to4~.~ Dw M~~Ulm9umirs'101*OA4 v~ orcific rqetsqqV. After outsm* Sub4.Caflon. ro~tmem h'~o.W be F.iIo a" by .4w~inW V agsivl

068'la d cof~of OC Me 4p1KIM pau..* of 0o4 raI.S).

Research 01v~ivion
Yorktowu Heights. New York eSan Jose, Culifornia *Zurich, Swftzerisav

ý84 12 28 149



RL] 4517 (48523) 11/28/84
Physics

PULSED PHOTOTHE72MAL RADIOMETRY FOR REMOTE SENSING
OF SPZCTP.CSCOPIC AND PHYSICAL PROPERTIES OF THIN FILM

A. C. Tam

IA 1Iesearch Laboratory
San Jo.-2, California 95193

ABSTRACT: Photothermal Radiometry (PTR) is a sensitive technique for noncontact
spectroscopy and inspecton; a modulated beam of phctons (or other particles) is used tc
produce temperature transients, and the corresponding transionts in the infrared thermal
radiation emitted from the samteI are analyzed. This pz-er deszribs the recent
experimental and theoretical dewvlopments of pulsed PTa (PPTrR) with back-scattering
deteztion. PPTt. is useful for many types of noncontact measurements, including absolute
absorption spectroscopy, excitation spectroscopy, and the monitoring of thickness,
layered structure, thermal diffusivity, thermal contacts, and associated properties.
Furthermnore, these measurements can be made on "difficult" samples like opaque
materials, powders, a,:•osols, gels, skins in-vivo, and so on.
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PULSED PHOTOTHERMAL RADIOMETRY FOR REMOTE SENSING
OF SPECTROSCOPIC AND PHYSICAL PROPERTIES OF THIN FILM

A. C. Tam

IBM Research Laboratory
San Jose, California 95193

Photothermal Radiometry (PTR) is a sensitive technique for noncoetact
spectroscopy and inspection; a modulated beam of photon3 (or other particles) is used to produce
temperature transients, and the corresponding transients in the infrared thermal radiation emitted
from the sample are analyzed. This paper describes the recent experimental and thecoretical
developments of pulsed PTR (PPTR) with back-scattering detection. PPTR is useful fol many
types of noncontact measurements, includirg absolute absorption spectroscopy, excitati'n
spectroscopy, and the monitoring of thickness, layered structure, thermal diffusivity, thermal
contacts, and associated properties. Furthermore, these measurements can be made on "difficult"
ý.amples like opaque materials, powders, aerosols, gels, skins .n-vivo, arnd so on.

The photo-thermal (PT) effect is the conversion of electro-magnetic energy, in part or in
full, into heat energy in a material. PT effect can be dctected directly, e.g., by "calorimetry", 1 -"
or indirectly, e.g., by the photo-acoustic effect, 5- 7 monitoring refractive index variations causing
defocusing 8,9 or deflectioni0"14 of probe beams, surface distortions, 15' 16 spectroscopy. 7 and
radiometry. This paper is concerned with the last technique, i.e., photothermal radiometry
(PTR). PTR relies on th, detection of variations in the infrared (IR) thermal radiation emitted
from a sample that is excited by electromagnetic radiation (typically from a laser or from an arc.
lamp) of varying intensity or wavelength. The advantages of PTR compared to othcr PT
monitoring techniques are the following: (I) It is totally noncontact, so that measurements can
be made on "difficult" circumstances, like vacuum, high pressure, high temperature, or other
hostile environments. (2) With the use of IR detectors of fast rise time, thermal or mechanical
properties of thin film samples can be measured in much shorter times (or even in "real time")
compared to conventional methods. (3) Absolute values for absorpticn coefficients, thermal
diffusivity, or thickness of samples can be obtained in a noncontact manner. (4) PTR performed
in the back.scattered mode with pulsed laser for excitation appears to be useful for single-ended
remote-sensinz, of samp~es that may be -km away, i.e., back-scattering PTR may provide a new
PT LIDAR (LIght Detection And Ranging).

There are four variationZ of PTR techniques that have been reported in the literature as
indicated in Table I. These variations can be classified according to the excitation mrde
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TABLE I

Exarmple3 of Va~ious Modes of Photothernul Radiorrnetry

ljetect.'on

Source T~ansm'ssion Ba::-scattering

Continuous medulated Cowant
(19c1 Xenuier and H-ardy 2 6 (1.961)

Busse-0 (19SC) 'Nordal and lKarstad-7-29 (1979,80,81)
Busseb and Hyer-ýr2 1 (19533, Luukkala5 2- (1.980)
Busse 4.nd Rank-22 (L933) Kanstad zi aJ)31%3 (1982,83)

Vanzetti and Traub-13-' 11983)

Pulsed Parker cir al.24 (19611) Tarn and SuI~van~s (1983)
Deern and Woocd13 (1962) Le,,ng and Tarn;6.3 7 (1934)
Tayiq: 2 5 (1972) Cielowla (1984)

Irnhof et aIA59 (1934)

(continuously modulated or pulserd) and to the detection mode (transmission or back-scattered).
The e-:,citation be im (which can be photon, electron, microwave, etc.) is usually either continuous
modulated with about 510%ý duty cycle, or pulsed modula~ed with very low duty cycle, but high
peak power. The detection can in princilple be in any direction but is simple-t for observaiion
backwards from the excn atton spot (called back-scattering PTR here), or 'cnd-on' through the
sample thickne.s with respect to the. excitation spot (called transmission PTR here). Most
workers have used either the back-scattering geometry or the transmission geometry, although
TLuukkala et at. 18 have demonstrated PTR with the observation spot being laterally displaced-
from the excitation spot. Only back -sr-attcrin g PTR (not transmission PTR) can be used for thick
or bulky materials, for sa.mples with inaccessible back surface, or for single-ended remote sensing.

TI-is paper is mainly concerne~d with the new technique of pulsed PTR (PTR) in
back-scattering, as indica1.ed in Fig. 1. Vaiious pulsed ex!:itation sou'rces can be used, for
example a short-duratinn (full width at half maximum=8 nsec) N, laser beam with less than
I mJ energy at 337 nmn. lhe back-scattered PPTR measurement is shown for beamn path (a ) in
Fig. 1: some of our work is also, performed with transmission PPTR as indicated ini beam path
Wb. The therma1 IR radiation from the samnple is refocused onto a HgCdTe detector with a rise

time of 0.5 Asec, and the PPTRI signal in back-scattering (S,3(t)) or in transmission (ST(t)) is
accumulated on a transient recorder (Tektronix 7854 scope with 7D20 plug-in'.. Maximum

H,,CdTe Liouud concave

Ge Vinldow I r bac)(scattering
\ '~~ Ra;orn~ryBeam

S1 al Fit. 1. Experime-ital seeuri for
Signaa nsY t bsh sngle-ended back-

___________ itcattering (laser beam
Laser represented by solid lines) and

ai 1Wio double-ended transmission
la\ (a Rad.rioe :'-Laser Oeamn Fi (laser beam reps esented by dash

forS t)- traarissof Ph~oto- lines) pulsed pht~otohermal

-~ (I sir Raiomtry diode radiometry measurements.

Tek~tronix 7854 simple1
0SCOLoxctco 'Ain rtse
7020 plug-in
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sample heating by the laser beam of a spot size being rzveral mm is generall.y limited to -10 0 C to
avoid any sample damage or any nonlinear radiometric effects (i.e., the radiomairic signal
magnitude is proportional to the surface temperature rise AT only for small AT).

We3 5 have applied tflii PPTR in back-scrattering for novel absolute absorp;. on spectroscopy

of opaque solids and liquids. This is possible because the magnitude of the absorption coefficient
a of the excitation beam is related to the "steepness" of the initial temper-lture profile produced
in the sample. Large a cor-:ý;Yoonds to a steeper temperature profile iear !he sample surface,
causing faster cooling of the surfa'ze and hence faster decay of the back-scattered PPTR signal.
By analyzing the shape of .he PPTR signal from buik samples, Tam and Sullivan 35 showed that a
can be obtained under some conditions if the thermal diffusivity D is known.

Another very important application3 - is thv remote sensing of the layered structurc of a
sample by PPTR. To sjzw thiF, we coat a black rubber substrate with a 45 am thick polyester
film that is transparent in the wavelength of the excitation beam. For this layered structure, the
pulsed PTR ethibits two :reaks: a prompt peak that decays with the same ;-ate as the bare,
vuhstrate but with decreased magnitude, and a delayed peak occurring at a ti'ie td after the firing
of *he laser. We found that td is related to the thickness I and the thermal diffusivity Dt of the
coating by td = I2 /4D,, indicating that the prompt peak is due to IR thermal radiation from the
irradiated substrate and attenuated by the coating, and the delayed peak is due to IR thermal
radiation from the top coating surface due to heat diffusion.

We have also 35 demonstratad that PPTR is useful for sensing the powder aggregation which
affects the "eiffective" therma) conductivity. The pulsed laser is used to irradiate black
carbon-loaded epoxy powders of different degree of compactness. We find that the PPTR signal
for the loose powder stops decaying -fter some time indicating that inter-particle heat transport is
slow, but the PPTR signal for a compact powder exhibits a continuous decay as in ,a neat solid.

We have investigated 3 6,37 the PT'TR signal profile. For a sample of thickness L. thermal
diffusivity D, absorption coefficient (e at the excitation wavelength and a' at the detection
wavelt;rnth, the PPTR signal shape excited by a pLsed laser of duration i0 is dependent oa
dilbir-n' paxameters at different delay time periods (see Fig. 2). For simplicity in the present
diieu-isn:on, we assume that To is short, and the IR detector rise-time is fast. The theoretical PPTR
signals SB(t) and ST(t) are given by

Sr(t) = (Le@L) ( 1

aL 2
a2L 2 a 2 L2

Excitation

S+ e 9 t8 Ftj. 2. Thermal diffusioa in an
opaqr-, sample of thickness L.
after a short pulscd heating at a

L surface. The l t,.zl temperature
increase above ambient (5) is
plotted at several times (t). and
indicated by the density of theZ iST 2 Z< Z Z black dots. Early decay is

(a) t •0 hi(b) t <<r
(?L L2 /r 2D} (C) t > rl (d) t >, rL spectroscopically related and

late decay is dimension related.

Ev cay Late Oecay
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wh-re the eý'i.avion for the upp.zr/lower q'uahties in the two square brackets corresponid to the
uc cr/~wer + siý-n-. HE-re, A~ is a coizstant depe~ndinri on the flash, pulse energy and the thermal

propertis,~~ ndKiaco:2teedng on the a &issivity and thet amb-ient temprature.
S ome resu~tz bad U~r. Eq. ( I) for S,0 (t) ar-t shown in Figs. 3 and, 4, Fi;-ur'o 3 s;hows thm

L-ses~. of S-it) for t'a-o -)-~~c f idr~al nitrij saincsc but ifrn
t.:~c:L_-..C05z-m and L= ,, :.,i .o ;at v.:e t csi a~is touall1/ ovýcrlap zt, early tilV-ý,:

he.ir fra tik s fUsion ti-c 63.3 ;.icec for the L=O.CO03cm sampie, th-z two
si;a~z start to i:ze:t*heý thn-il nal 5tocs d.ca ying while the "ta6ck -!zite" signal.

con;-timaes to decay. Th:ýsa effects; have incud ben verif'cd e- -ýp~im .. taily~o~ Fiu r a 4 s h.owvs
Lo', t ý...hcre~icai shzi~es of Sa(t) dccdon the ahcorztion cooýffioletits a and z', ixith fixed

tIkno!ss and thzermnal diffuý;ivity; at e-rly timres3 (i.e., t<<-,), the stronutý absorpticn cofieL
cause a steener decay of the signal. Howiever, at late times (t>>rL) thec decay .survies for
different values of a and a' are over!ap-,im7, showingý that the late dayrate is only dependent on
L arnd D, in agreerr.ent with the anal.r.-is of ?arkcr et aZ324 To sumn up, the back-scattered PPTPR
si-nal S,,(t) is senisitively dt-perient on a, a' and D for t<<TT andil siivl d-ptod on 1, inocl D
f;-:- t»>TL. Theýorfetical fittiog,3 7  ý, ;aof ths olb!crvcd S-(t) Inr a snn-.:!c can tirov'de vahýus of a. a', D,
am!,J L. Stich m uesnshave tlhe distinct aJ'van:a-i:-s of S ngsinge-,-n ied, tsi ,
un~d ncasctructivc. In Eq. ( I), we have- ne-lected -the efiects due- to the finite excitation puISxl
vi; ltn and the fin~ite IR dote~ctor ri-ie timc. Such effccts; can be takeý:n into account. 3 7

Ecouatý)n (1) approaches simple- 1'ir-its37 when 1. is lar~c. In tlis ca.;e, S-,~(t)-O, and

S -rt 0  - e ~ ' -erf t/4~ T,,\ 2

whe~re3T = (4aiD) T, = I4a 2D) and erf is the error f unction.4 0  Equation (2) Is
.zYmmentr~cal with respect to the absorption coefficienits a and a', It further sirnplifies if one. of the
absorption coefficient is much larger than another, e.g., a' >>). In this case:

S5it) -AKaet/4(I-erf~t%/Y7i)()

100

9 9-

5 1

2 L- L -

02 0 d 4 8 8 10 20) 41 80 W_8a _.. 120 140- 140

a_____________ Time (.secl
0 2 4 a 5 0 10o-f02 Y1 401 5W CO 700

Fig. 3. Theoretical profiles of the single ended Fig. 4. Theoretical piofiles ol the back-scattered
lbac 1 - cat'ered flash radiometry siinaI showinp. tre tffect radiomnetry ii-,nzl showing the effect of absorption
Of LAniPle 'hicknets L. Dae h line %i for L-OJ.C;)5 cm and covffIcirnss a and a'. [DaSh lirS is for a..5 x IJQ CM-1
tolid !in,? is for L_._. I- both curvcýs, a. a' and D are and a'-2.Sxt03 ernrl; solid line is for a-2.xl0' cm-1
taken as 2x 104 crn1, j XJA CM- I and 0.04 cmn2/s, and a'-lI x 104 cm-1. In both curves, L are. D are taken
reipectrvely, which are typical values for 3tinless steel, as 0.005 crm% and 0.04 1) 5na/5, respectively. Note that the
Note that the scale chang-!s jaor the late decay in the scale chanses for the late decay in the inset.
inset.
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which is precisely the form we have used in our earlier35 PPTR work for obtaining absolute
values of a at the excitation wavelength for "semi-infinite" samples.

An excitation spectrum of a distant sample can be obtained with back-scattered PPTR by
scanning the wavelength of the excitation laser and monitoring the corresponding peak magnitude
af tho back-scattered PPTP. signal. An example of such an excitation spectrum is shown in
Fig. 5. Such an excitation spectrum truly represents an absorption spectrum of the sample under
certain conditions, for example, when sample thickness is large and a >>a; in thia case Eq. (3)
indicztes that the -zak value of SB(t) occurring at t=O is proportional to a(X) at the -zxcitation
wavelength A..

52&5 A

5935 A

NdC13*6H2O

_ Fig. S. PPTR excitation spcczurn with back-
1~ jscattering detection for 1NdC11,6H,2 0. This is

j • obtained b7 scanning the .xcitation pulsed dye
(5770A to 6030A). The numbers marked are in

Angstrom utzits.

6000 5950 590W 5850 5800

X..-.-)•m (Angn-romns)

CONCLUSIONS

Techniques of PTR rely on the detection of modulated infrared thermal radiation from a
sample tha: is excited by a modulated beam of energy. The recent cieveloped technique of pulsed
PTR in back-scattering detection is suitable for remote sensing. Its theoretical basis is discussed,
and its new applications are indicated, which include absolute absorption spectroscopy, excitaticn
spectroscopy, thickness or thermal diffusivity measurements, rhonitoring of layered structure, and
sensing of degree of contact between materials. These application.: should be valuable in science,
technology, defei.se, and medical diagnostics "e.g., fast noncontact monitoring of skin in-vivo).

ACKNOWLEDGMENTS

This work is supported in part by the Office of Naval Research.

REFERENCES
I. Brilmyer, G. H., Fujishima, &., Santhanarn, K. S. V and Bard. A. J.. Anal. Chem. 49, 2057 (1977).

2. Bass, M. E., Van Stryland, E. W. and Steward, A. F., Appl. Phys. L.t,. 34, 142 (1979).

3. Baumann, T., Daccl, F. and Melcher, R. L.. Appl. Phjw. L•rt. 43. 71 (19AZ).

4. Coafal, H.. Appl. Phl. Lott. 44. 59 (1384).

5. Patal, C. K. N. and Tam, A. C.. Aev. Mod. FAs. 53,.517 (1981).



'2 6. Tam, A. C., 'Photoacous:tics: S :•trcoscopy and Other A -vicatio's." in UCwrenrxttve Laser Sptc,rofcopy, edited

by D. Klijer (Academic, New York, 1983).

t. TLm, A. C. and Coucal, H., 1. de Phy)ique (Pari) Co!,ale C6, 9 (1933): Tam. A. C., ApP!. PhA:i. Lear. 45, 510

S. Sw,-ford, R. L., Lon;, M. E. and Albretht,* A. C.. 1. Chen. Phic. 65, 17-9 (197-6).

•' 9. Cre.t��~s, D. A. and Keller. 1. A., A 0p. 7 Or. 2., 3333 (1.S).
0", 10. Fouer -r. 0., Boccira, A. C.. Amer, N. M. and G!rlach, R., AppL Phyi. LeP, . 37. 519 (1930).

11. Foornier, D., Boccara, A. C. and Badoz. I., Acp!. Opacs 21, 74 (1082).

12. Low, M. D. .. , Mcrterra, C., Severdia, A. G. 3nd Lacr,.?ix. M., 4.pL S,4. Sci. 13, 429 (1982).

13. Murphy. C. and Aamodt, L. C., .r. de P)r•,ue (rParirj Co7•or-..". C6, 513 (1983).

14. Wetsel, G. C. and Stotts, S, A., 1. de PLysiqua rpo) CI1110qi CS, 215 (1933).

".IS5. Olmstead, M. A., Amer, N. M., Kohn, S. E_, Fournier, D. and Soccara, A. C., Appl..Phy7. A 32, 141 (1983).

16. Sonta?. R. and Tam, A. C., to !) published.

17. Zavka. 'Y. and Tam. A. C., Cpr. Lwe. 7, 86 (1932).

"" 1. Luukkala, M., "ohio, A., Jaarinsn, 2. and Jokinen, M., IEZE Ultrasonic Symposium Proceedings, 1992. p. 591.

19. Cowan. R. D., J. A. P.h):. 32, 1363 (1961).

"* 20. Busse, U., InTira.ed P. 20, 419 (1980).

- 21. Busse, G. and Eyerer, P., Appl. Phys. Lett. 43, 355 0"%S).

22. Busse, G. and F"enk. K. F., Appl. Phsi. Lett. 42• 366 (1983).

23. D.em, H. W. and Wood, W. D., Rev. Sc. Inhrr. 33, 1107 (1962).

"24. Parker W. J., Jenkins. R. J., Butler, C. P. and Abbott, G. L., 1. Appl. P/th. 32, 1679 (1961).

25. Taylor, R.. High Temp.. High Prrsure 4,. 649 (1972).

"4 26. Hendle,, C. and Hardy, 1. D.. 'Skin Heating and Tem ,er:turc Sensation Producei by lofrared and Microwave1.1 Irradiation," Proceed.Iings of Symposium on Teiperature, Its Measlrzment and Conzrol in Scieuce and industry
"(sponsored by All, Instrum. Soc. of Am., and NBS), Columbus, Ohio, March 1961, p. 51.

27. Nordal, P-E. and Kanstad, S. 0., Pyrica Scripia 20, 659 (1979).

"28. Kanstad. S. P. and Nordal, P-E., Appl. Surf. Sci. 6, 372 (19g0).

"29. Ný.rdal, P-E. and Kanstad, S. 0., AppL Phyo. Let. 38, 486 (1981).

-30. Bults, G., Nordal, P-E. and KznstadS. 0., Blo-himica ef Bkipkyvca Arta 6A2, 234 (1932).

- 31. Kanstad, S. 0-, Cahen, D. and Malkin. S., Biochimica et Biophizica Acta 722, 182 (1983).

"3" 3. Luukkala, M. V., in Scanned Image Microscopy, edited by E. Ash (Academic, London, 1980), p. 273.

33. Vanzetti. R. and Traub, A. C., "Automatic Solder Joint Inspection in Der-:h," in Proceedings of 7th AnnUal
Seminar in Soldering Technology and Product Assurance. China Lake, February i' 3 

(published by Naval
Weapons C-nter, China Lake, California).

34. A photothermal solde--io;nt inspection system, called Laser Inspect, is available from Vanzetti Systems, Inc.,
Stouhton, Massachusetts, U.S.A.

35. Tam, A. C. and Sullivan, B., 4ppl. Pho. Leat. 43, 333 (1989).

"" 36. Leung. W. P. and lam, A. C., Optics Lett. 9, 93 (1984).

* 37. Leung, W. P. and Tam, A. C., 1. App). Phy. 56, 153 (1984).

S38. Cielo, P., I. Appl. Phys. 56. 230 (1984).

39. Imhof, R. E., Birch, 0. 1. S., Thornley. F. R., Gilchrist, J. R., and Strivens, T. A., J. Phyi. E: Sci. Insirum. 17, 521
(1964).

40. Carsla'v, H. S. and Jaeger, 1. C., "Conduction of Heat in Soiids," secona edition (Clarendon, Oxford, 1959).

-i


